The aggregation of monodisperse polystyrene microspheres is studied in processes induced at high salt concentration. Measurements were taken using single-cluster light scattering ͑free model technique͒ and photon correlation spectroscopy. Two cluster growth models were used to study the effect of the cluster morphology on the calculation of the rate constant. The rate constants were measured as a function of the particle concentration in order to control the aggregation time scale. At high particle concentration, rate constant deviations from the theoretical one was observed, which was explained by taking into account the fractal structure of the clusters for early aggregation stages. ͓S1063-651X͑97͒08409-2͔
I. INTRODUCTION
Over the past few years, considerable interest has been focused on the study of dynamic structures, in which an irreversible addition of primary particles leads to cluster formation. The aggregation in mesoscopic systems that consist of an aqueous solution of nanoparticles ͑a colloidal solution͒ is a good model for describing this phenomenon, central to many physical ͓1͔, chemical ͓2͔, and biological ͓3͔ processes. Two universal regimes, independent of the particle nature, have been found for colloidal aggregation: diffusionlimited cluster aggregation ͑DLCA͒ and reaction-limited cluster aggregation ͑RLCA͒ ͓4-10͔. For DLCA the probability that collisions between particles give rise to cluster formation is equal to one and for RLCA it is lower. This probability depends on the interaction between the clusters, which may be controlled by adding salt to a stable colloid. The time evolution of the cluster-size distribution is usually described by Smoluchowski's coagulation equation ͓11͔ and the fractal structure of the aggregates is characterized by a fractal dimension d f ͓12,13͔.
Single-cluster light scattering ͑SCLS͒ offers perhaps the most unambiguous methods for monitoring aggregation. This technique allows detailed cluster-size distributions to be measured at different aggregation stages by directly counting clusters throughout the processes ͓14-21͔. The aggregation rate may be determined from the time evolution of the cluster-size distribution by using the Smoluchowski coagulation equation. Nevertheless, the forces involved in cluster separation can break up the aggregates under extreme experimental conditions. As an alternative technique, photon correlation spectroscopy ͑PCS͒ is frequently employed for studying aggregating systems ͓22͔. Its advantage is that the systems are not altered during measurements. However, theoretical models must be used to fit the measured autocorrelation functions. Guinnup and Schultz ͓23͔, for example, researched the aggregation of polystyrene lattices by deconvoluting the intensity autocorrelation function using an iterative procedure. Herrington and Midmere ͓24͔ applied a simpler method that avoided the tedious deconvolution process. They assumed the Smoluchowski kinetics for early stages of aggregation and the Rayleigh-Gans-Debye ͑RGD͒ approximation for the scattered intensity ͓25͔. Moreover, a cluster growth model must be assumed in order to determine the RGD form factor and the diffusion coefficient for each j-fold cluster. So a theoretical autocorrelation function is generated and fitted to the experimental ones by varying the degree of aggregation. In this paper the aggregation kinetics of monodisperse polystyrene microspheres is studied in processes induced at high salt concentration. Measurements are taken using two techniques: SCLS and PCS, offering the possibility of covering a wider range of particle concentration and comparing results obtained by two such different techniques. Furthermore, we modify the HerringtonMidmere method by incorporating two alternative cluster growth models, which generate aggregates with different morphology and so the influence of cluster morphology in the calculation of the rate constant is studied.
The rate constants are measured at different particle concentrations, which allows the aggregation time scale to be scaled. The data are compared with the value obtained from the theoretical model including viscous effect. At high particle concentration, a rate constant deviation from the theoretical value is observed, which is explained by taking into account the fractal structure of the clusters for early aggregation stages. This explanation is corroborated by measurements of the fractal dimension.
This paper is structured as follows. Section II includes a theoretical background. Section III describes materials and methods. The latter involve a description of the SCLS instrument, the PCS method employed to measure rate constants, the experimental system, the particle characterization, and experimental details. Section IV gives the results and a discussion thereof. Section V covers the conclusions.
II. THEORY

A. Aggregation kinetics
describes the temporal evolution of the cluster-size distribution N n (t) for diluted solutions. The physical information is contained in the kernels k i j , which parametrize the rate at which i-mers bond to j-mers. The first term in this equation represents the mean rate at which n-mers are formed by the aggregation of i-mers and j-mers. The second term represents the rate at which n-mers disappear when they aggregate with any i-mers to form (nϩi)-mers. Analytical solutions for the coagulation equation may be obtained only for simple mathematical forms of the kernels. Considering a constant kernel, i.e., k i j ϭk 11 , and initial monomeric conditions N n (tϭ0)ϭN 0 ␦ 1n , the solution is
given by ͓26͔
where N 0 is the initial monomer concentration and t agg ϵ1/N 0 k s is the aggregation time scale. For a system of spherical particles moving in a medium of viscosity , the rate constant k s is given by ͓11͔
. ͑3͒
B. Viscous interaction
The stability of colloidal solutions is determined by the interactions between each pair of particles. The interparticle potential is usually described by the Derjaguin-LandauVerwey-Overbeek theory ͓27,28͔. This includes Londonvan der Waals attraction forces and electrostatic repulsion due to the charge on the surface of spherical particles. The stability factor W is defined as the ratio of the aggregation rates for noninteracting particles ͑DLCA͒ and for particles with a finite interaction ͑RLCA͒. W is a measure of the stability of colloidal dispersions. In RLCA, only a fraction 1/W of the collisions leads to the formation of a bond. In diluted colloids, the particle encounters are treated as binary collisions and their frequency is obtained by solving the diffusion equation. Fuchs ͓29,30͔ derived the following relationship between the total potential energy V T (h) and the stability factor
where hϭ(Hϩ2a)/a for two spherical particles of equal radii a, H is the minimum distance between two spheres, k B is the Boltzmann constant, and T is the temperature. The total potential energy V T (h) is defined as V r ϩV a , where V r and V a are the repulsive and attractive potential energies, respectively. The expression used in this paper for the repulsive energy was proposed by Ohshima and Kondo ͓31͔. For the attraction potential energy we employed the classical formula appearing in Ref.
͓28͔.
The modified stability factor W visc has to be calculated in order to assess the influence of viscous interaction. According to Spielman ͓32͔, W visc may be written as
where D 12 ϭk B T/ f is the Brownian diffusivity for relative motion, f is the hydrodynamic resistance coefficient, and D 12 ϱ is the relative diffusivity at infinite separation. D 12 depends on viscosity, particle dimensions, and the relative separation between particles. A numerical assessment of D 12 has been performed in this paper using formulas from Spielman's article. D 12 undergoes a large drop when the particle separation is smaller than the particle radius. Viscous interaction modifies the value of the rate constant ͑3͒, which may now be calculated by ͓33͔
III. MATERIAL AND METHODS
A. Single-particle light scattering
Single-particle optical detection is one of the most advanced techniques for measuring particle-size distributions and monitoring aggregation processes. We briefly present a single-particle optical sizer built in our laboratory ͓34-36͔ based on the device of Pelssers, Stuart, and Fleer ͓14,15͔. In this technique, single clusters, insulated by hydrodynamic focusing of a colloidal dispersion, are forced to flow across a focused laser beam. A measurement of the cluster-size distribution is taken by analyzing the light intensity scattered by single clusters at low angle, where intensity is monotonically related to the square cluster volume: I n ()/I 1 ()ϭn 2 ϳV 2 . Under this condition, the scattered light intensity is high enough to detect particles accurately and the strong sensibility of the scattered light intensity on the particle volume makes it possible for a high resolution to be achieved. For larger angles the intensity is lower and data interpretation becomes difficult due to intensity oscillations appearing when the particle size changes ͓25͔. Figure 1 shows a block diagram of the instrument. Basically, it is a flow ultramicroscope in which pulses of light from single particles are detected. Light from a laser is sent through an input optical system in order to create a homogeneously illuminated zone at the center of the flow cell, where cluster separation is performed. In the focusing cell, a colloidal dispersion is injected into a fast flowing water stream, thereby obtaining a narrow particle stream. Single particles cross this illuminated zone, scattering pulses of light. Detection optics selects only the light scattered at low angle and focuses it onto a photomultiplier, which supplies a propor-tional electrical current. This signal is converted into voltage and digitalized. A computer controls the analog to digital converter board and recognizes, classifies, and counts the pulses by running an algorithm on-line.
A simpler way to determine the rate constant k 11 is to use Smoluchowski's equation for the evolution of the number of primary particles. Performing a simple algebraic transformation from Eq. ͑2͒, one obtains for the inverse square root of the monomer concentration N 1 the following linear function of time
Thus the plot N 1 Ϫ1/2 vs t should give a straight line when the constant kernel describes the aggregation process. It is then possible to obtain the initial monomer concentration N 0 and the rate constant k s from the intersection and the slope, respectively.
B. Photon correlation spectroscopy
Photon correlation spectroscopy relies on the fluctuation in the light scattered from disperse particles undergoing Brownian motion. The autocorrelation function G() is calculated from the product of two photon counts at time t and time tϩ such that
The function g int () is related to the normalized field autocorrelation function g field () by the Siegert relationship ͓22͔
where C is a constant determined by the optics of the instrument. The field autocorrelation function for a suspension of clusters made up from monodisperse spheres is given by ͓37͔
where
In the formula above, q is the scattering wave vector ͓qϭ4/ sin(/2), where is the wavelength of the light in the solvent and is the scattering angle͔. N j is the clustersize distribution ͑particle number density of each j-fold cluster͒, D j is the diffusion coefficient of the j-fold cluster, and i j () is the intensity scattered by a single j-fold cluster. The scattered intensity is given by ͓38͔
where i 1 () is the intensity scattered for a monomer and P j () is the form factor for a j-fold cluster that is given by the RGD approximation
In this equation r nm is the separation between the centers of the spheres n and m and the sum is extended to all pairs of monomers in the cluster. Combining all this information, the field autocorrelation function has the form
In order to find ͗P j ()͘, random clusters were generated by a computer program, following work reported in Refs. ͓24͔ and ͓39͔. Moreover, the radius of gyration of each generated cluster R g was determined and identified to the hydrodynamic radius ͑only for small clusters͒. Thus the diffusion coefficient D j was obtained by using the Einstein-Stokes formula and ⌫ j was estimated. A change has been introduced in the cluster simulation with respect to that of Herrington and Midmore ͓24͔ in order to study the effect of the cluster morphology on the calculation of the rate constant. The simulations were performed following two different criteria. In the former, an (nϩ1)-mer is obtained by shooting a monomer into the center of mass of an n-mer. In the second algorithm, an (n ϩ1)-mer grows by shooting a monomer in random directions. So it is expected that the first model generate more compact clusters than the second one. The first algorithm will be called the compact-cluster model and the second one the branched-cluster model. Figure 2 shows the average radius of gyration as a function of the cluster size using the two growth algorithms. Monomers were 150 nm in radius and the simulations were performed up to nϭ50, which is the maximum cluster size used in our study ͑early steps of the aggregation͒. The results show an evident effect of compactness. The branched clusters are bigger than the compact clusters and when the cluster size increases, the difference in the radius of gyration increases. In order to characterize cluster compactness, the fractal dimension of the clusters was determined by using the relationship ͓40͔
where R 0 is the monomer radius. For the compact-cluster model a fractal dimension 2.44Ϯ0.03 was found and using the branched-cluster model it was 2.25Ϯ0.02. Our aim is to measure the rate constants by monitoring the processes during the early aggregation stages. Following Herrington and Midmore ͓24͔, we fitted the theoretical field autocorrelation function ͑14͒ to the experimental one, with the fitting parameter being the scaled time Tϭt/t agg . For each time t, we had a normalized time T and by plotting T vs t, the aggregation time scale t agg ϵ1/N 0 k s was measured. The rate constants k s were calculated from t agg once the initial monomer concentration N 0 was known. The photon correlation instrument used to measure the intensity autocorrelation function was a Malvern 4700 ͑United Kingdom͒ with a He-Ne TEM 00 laser working at a wavelength of 632.8 nm.
C. Experimental system and details
The experimental systems were two monodisperse polystyrene lattices. Table I shows the principal characteristics. The lattices had a negative surface charge due to sulphate groups. The lattices were cleaned by centrifugation or serum replacement, followed by ion exchange over a mixed bed. The size of the microspheres was determined by transmission electron microscopy. The critical coagulation concentration ͑CCC͒ was estimated directly by dilution of latex particles in solutions of different KCl concentration. All chemicals used were of high quality and twice-distilled water was purified using Millipore equipment.
Prior to undertaking our studies, fresh suspensions of microspheres were sonicated for 30 min to break up any initial clusters. Aggregation was initiated by mixing the microspheres suspended in salt-free water and the aggregation agent. Aggregations were induced at high ionic concentration: 0.5M of KCl, higher than the CCC. Immediately afterward, the timer was started.
The temperature was controlled by an external thermostat. Both the latex and the electrolyte were kept at the desired temperature for 30 min prior to measuring. The cluster sedimentation due to the slight difference between polystyrene and water densities was negligible.
The aggregation experiments monitored by SCLS were carried out in a reaction vessel. Precautions were taken so that nondestructive size distribution analysis could be performed. Small portions of aggregating colloid were slowly taken from the suspensions through a wide aperture pipette. Samples were diluted in the same solvent used for the dispersions in order to stop aggregation during the measurements. No variations in the cluster-size distribution were detected while the samples were kept in the dilute medium for several hours. Moreover, the particle concentration was optimized to ensure single-particle detection (Ϸ10 7 cm
Ϫ3
). Cluster-size distribution was monitored and histograms were taken at different aggregation steps. These measurements allowed the cluster-size distribution to be determined.
The PCS measurements were carried out in a 0.5-cm cylindrical cuvette. The scattering angle was 60°. The time of measurement for each autocorrelation function was 45 s, short enough to guarantee that the samples were at the same aggregation stage during the measurement.
IV. RESULTS AND DISCUSSION
A. Measuring rate constants
The rate constants k s were determined using two alternative techniques: SCLS and PCS. In previous papers ͓35,36͔ we demonstrated that the constant kernel describes the time evolution of the cluster-size distribution for aggregation times shorter than 7.2t agg . Therefore, the constant kernel solution of the Smoluchowski equations was chosen to fit the experimental data for short aggregation times.
Using the single-particle light-scattering instrument, the rate constants k s were obtained by plotting the inverse square root of the monomer concentration as a function of time. Figure 3 shows experimental curves for sample AS8. According to Eq. ͑7͒, straight lines were obtained, which confirms once again that the constant kernel is suitable. The rate constants k s were calculated from the slope. The experimental data obtained by PCS were assessed using the two different algorithms described in Sec. III. The normalized time T was plotted as a function of the time t assuming the compact-cluster model or branched-cluster model, respectively. Figure 4 shows typical results for the compact growth model. The straight lines are in good agreement with the theoretical prediction for the constant kernel. k s was calculated from the slope N 0 k s once the initial particle concentration N 0 was known.
B. Dependence of k s on the initial particle concentration N 0
In this section the influence of the initial particle number density N 0 on the Smoluchowski rate constants k s was studied using PCS and single-particle light scattering. Figure 5 plots k s as a function of N 0 for fast aggregation (0.5M KCl). At low N 0 , the aggregation rates tend to be constant. Moreover, the values obtained by PCS using the compact-cluster model coincide perfectly with the values measured by the single-particle instrument ͑free model technique͒. At higher initial particle concentrations the rate constants increase monotonically. The rate constants k s calculated with the branched-cluster model are significantly smaller than the ones obtained with the compact model. At low N 0 , the rate constants measured with PCS ͑compact-cluster model͒ and SCLS coincide and fall within the range of values commonly reported for fast aggregation ͓15,36,41-52͔. For our experimental conditions, the theoretical Smoluchowski rate constant is 6.0ϫ10 Ϫ12 cm Ϫ3 s
Ϫ1
, which is about twice the experimental value. In order to explain the difference, viscous interaction between the particles was considered. The modified stability factor W vis was numerically assessed using Eq. ͑5͒ and Spielman's formulas ͓32͔. From these calculations W vis ϭ1.97 was found and, using Eq. ͑6͒, k s vis ϭ3.0ϫ10 Ϫ12 cm Ϫ3 s
, which coincides perfectly with the experimental value obtained by SCLS and PCS with the compact-cluster model. This confirms the idea that clusters grow very compactly during the early stages of aggregation and shows that their branched structure is still not relevant.
At higher initial particle densities, the rate constants k s deviate from the theoretical value and increase with increasing N 0 . This behavior is somewhat unexpected since, according to Eq. ͑6͒, it should be N 0 independent. Deviations from Smoluchowski kinetics for fast aggregation were found for gold sols ͓53͔ and polystyrene latex ͓38,41,54,55͔. Nevertheless, other authors ͓48,49,52͔ inferred rate constants that were independent of the initial number density. So this discrepance is not still explained, which makes this matter interesting. Lips and Willis proposed that these discrepancies were due to the erroneous assumption of the constant kernel approximation. Therefore, only average rate constants are measured, which moreover, may be technique dependent. We are going to propose another interpretation.
From our data we observed that at low N 0 the compactcluster model leads to k s close to the theoretical value. For N 0 of the order of 1.0ϫ10 9 cm
Ϫ3
, the branched-model offers better results and finally, for higher N 0 , both models give values higher than the prediction. We interpret this behavior by taking into account that for low N 0 the kinetics is so slow that only small clusters appear with a fractal structure not yet established. Thus the compact model, which gives rise to clusters with a fractal dimension of 2.44Ϯ0.03, works better. As N 0 increases, the aggregation process becomes faster so that bigger clusters grow. In this case, the fractal structure of the aggregates starts to be relevant and the branched model with a fractal dimension of 2.25Ϯ0.02 reproduces the theoretical value. For even bigger number densities, neither model offers good results since the expected fractal dimension is of the order of 1.8 ͓7͔.
PCS was used for measuring the fractal dimension as a function of N 0 in order to support our conclusions. Figure 6 shows the time evolution of the hydrodynamic radius applying cummulant analysis ͓56,57͔. From the asymptotic behavior at long times the fractal dimension was determined by the aid of the relationship ͓58͔ ͗R h ͘ϳt
where d f is the fractal dimension and is the homogeneity parameter ͓59͔.
For diffusion-limited aggregation the homogeneity parameter , which characterizes the aggregation mechanism, has the value 0 ͓7,8,35,36͔. Figure 6 also plots the fractal dimensions as a function of N 0 ͑upper left-hand corner͒. It may be seen that at low number density, the fractal dimension tends towards 3, the dimension of space. As N 0 increases, the fractal dimension decreases and reaches the value Ϸ1.8, generally accepted for fast aggregation. It should be pointed out that for N 0 ϭ5.0ϫ10 8 cm
, d f gives a value of about 2.5, close to the fractal dimension obtained by the compact model ͑2.44͒. At N 0 ϭ1.0ϫ10 9 cm
, d f is of the order of 2.1, which is close to the fractal dimension of the branched model ͑2.25͒. This means that the measured fractal dimensions coincide with those obtained by the different growth models within the N 0 ranges for which these models work satisfactorily. At higher initial particle concentrations, both ballistic models fail and therefore a new model that accounts for cluster-cluster aggregation should be developed. Models of this type yield more branched clusters having a fractal dimension of the order of 1.8.
V. CONCLUSION
The aggregation kinetics of monodisperse polystyrene microspheres was studied in processes induced at high salt concentration. Smoluchowki's rate constants were determined using two alternative techniques: SCLS and PCS. The rate constants were obtained from the time evolution of monomers using the single-particle instrument and by monitoring the evolution of the intensity autocorrelation function by PCS. The experimental data obtained by PCS were assessed using two different algorithms ͑compact-cluster model and branched-cluster model͒ that account for the cluster morphology in the calculation of the rate constant.
The influence of the initial particle concentration on Smoluchowski's rate constants was studied. At low N 0 , the aggregation process was found to be diffusion controlled. The rate constants obtained by PCS using the compactcluster model coincided with the values measured by SCLS ͑the more direct technique͒. This confirms the idea that clusters grow very compactly during the early aggregation stages. At higher initial particle concentration, the rate constants coincided with the theoretical value only when the branched-cluster model was used. The aggregation process speeds up so that bigger clusters grow and the fractal structure of the aggregates starts to develop. For even higher particle concentration, neither of these ballistic models offered good results. At this stage of aggregation, the aggregates show a fully developed fractal structure and therefore a more realistic model that accounts for cluster-cluster aggregation should be employed. The fractal dimensions were measured by PCS as a function of N 0 in order to support our explanation. These coincide with those obtained by the different growth models within the N 0 ranges for which these models work fine.
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